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A gauged U(1)X symmetry appended to the Standard Model (SM) is particularly well motivated since it can
account for the light neutrino masses by the seesaw mechanism, explain the origin of baryon asymmetry of the
universe via leptogenesis, and help implement successful cosmological inflation with the U(1)X breaking Higgs
field as the inflaton. In this framework, we propose a light dark matter (DM) scenario in which the U(1)X gauge
boson Z′ behaves as a DM particle in the universe. We discuss how this scenario with Z′ mass of a few keV and
a U(1)X gauge coupling gX ≃ 10
−16 can nicely fit the excess in the electronic recoil energy spectrum recently
reported by the XENON1T collaboration. In order to reproduce the observed DM relic density in the presence
of such a tiny gauge coupling, we propose an extension of the model to a two-component DM scenario. The Z′
DM density can be comparable to the observed DM density by the freeze-in mechanism through the coupling
of Z′ boson to a partner Higgs-portal scalar DM with a large U(1)X charge.
Over the years the direct dark matter (DM) detection exper-
iments have continuously improved with increased detector
volume and sensitivity. The primary target for the search is the
so-called Weakly Interacting Massive Particle (WIMP) DM
through its elastic scattering off nucleons. Since no evidence
for DM has been found, the cross section of the DM particle
with mass & 1 GeV is very severely constrained. For exam-
ple, the XENON1T experiment [1] has set an upper bound on
the spin-independent elastic scattering cross section with a nu-
cleon as σSI . 4 × 10−11 pb for a 30 GeV WIMP DM. Due
to its unprecedentedly low background rate, large target mass
and low energy threshold, the XENON1T experiment can also
explore alternative dark matter candidates with mass in the
range of 1-100 keV by using the electronic-recoil events. It
has recently reported an excess of the electronic-recoil events
below 7 keV, which is prominent around a few keV [2] with a
local statistical significance of 3-4 σ.
The XENON1T collaboration has examined a possible ex-
planation of the excess by solar axions, an enhanced neu-
trino magnetic moment using solar neutrinos, and bosonic
(pseudo-scalar and vector) DM particles. The identified pa-
rameter regions for the solar axion and the neutrino magnetic
moment signals are both in strong tension with astrophysical
constraints, in particular the stellar cooling constraints (see,
for example, Ref. [3] and references therein). The excess can
also be explained by β decay of tritium, which was initially
not considered, if a sufficient amount of tritium survived the
xenon purification process [2, 4]. If this is the case, the signifi-
cance of the observed excess is reduced to around 2 σ, and this
analysis sets the most restrictive direct constraints to date on
pseudo-scalar and vector DM particles with masses between
1 and 210 keV. Other possible backgrounds are discussed in
Ref. [5].
Following the report by the XENON1T collaboration, many
works have appeared which attempt to explain the XENON1T
excess based on new physics scenarios with Axion Like Par-
ticles (ALPs) [6], DM particles [7–9], and others [10]. In
this letter we propose a light DM scenario in a gauged U(1)X
extension of the Standard Model (SM), in which the U(1)X
gauge boson Z ′ serves as the DM in the universe. With a suit-
able choice of its mass and U(1)X gauge coupling values, the
Z ′ DM can account for the XENON1T excess. This U(1)X
model can also provide us with a natural explanation of tiny
neutrino masses by the seesaw mechanism [11] and the origin
of the observed matter-anitmatter asymmetry in the universe
via leptogenesis [12]. Furthermore, a successful cosmological
inflation scenario can be realized with non-minimal gravita-
tional coupling [13] after identifying the U(1)X Higgs field
with the inflaton [14].
It has been shown in Refs. [8, 9] that if it is the domi-
nant DM component in our universe, a dark photon with mass
(mA′) around a few keV and a kinetic mixing ǫ ∼ 10−15
with the SM photon can nicely fit the observed recoiled-
electron energy spectrum observed by the XENON1T experi-
ment, while satisfying the astrophysical constraints. Here we
refer to the best fit value in Ref. [8]: mA′ = 2.8 keV and
the kinetic mixing ǫ = 8.6 × 10−16. This parameter set can
not only fit the XENON1T excess but also account for the ob-
served anomalous cooling of horizontal branch stars by res-
onant production of dark photons in the stellar interior. As
we will show in the following, the coupling of Z ′ DM with
(right-handed) electron is essentially the same as that of the
dark photon induced by its kinetic mixing with photon, so that
we have a relation, gX = eǫ, where gX and e are the U(1)X
gauge and electromagnetic couplings, respectively. Therefore,
we can interpret the dark photon result to our Z ′ DM case and
conclude that our model can fit the XENON1T excess by set-
ting the Z ′ DM mass mZ′ = 2.8 keV and the U(1)X gauge
coupling gX = 1.8× 10−16.
There is a common issue among the DMmodelswhich have
been proposed to explain the XENON1T excess: how can
we reproduce the observed DM relic density of ΩDMh
2 =
0.12 [15]? With model parameters set to account for the
XENON1T excess, we may evaluate a thermal or non-thermal
DM density by the freeze-out or freeze-in mechanism. We
find that the resultant DM density is most likely too large in
thermal DMmodels and too small in non-thermalDMmodels.
In the minimalU(1)X extension of the SM, we also encounter
this issue since the Z ′ DM coupling with the SM particles is
extremely weak to account for the XENON1T excess. We
SU(3)c SU(2)L U(1)Y U(1)X
qiL 3 2 1/6 (1/6)xH + (1/3)
uiR 3 1 2/3 (2/3)xH + (1/3)
diR 3 1 −1/3 (−1/3)xH + (1/3)
ℓiL 1 2 −1/2 (−1/2)xH − 1
eiR 1 1 −1 −xH − 1
H 1 2 −1/2 (−1/2)xH
N iR 1 1 0 −1
Φ 1 1 0 2
TABLE I. The particle content of the minimal U(1)X extended SM,
where i = 1, 2, 3 is the generation index, and xH is a real parameter.
The model is free from all the gauge and mixed gauge-gravitational
anomalies.
propose a modest extension of the minimal model to a two-
component DM scenario, in which the Z ′ DM density can be
compatible to the observedDM density by the freeze-in mech-
anism. This is accomplished through a Z ′ DM coupling to its
partner Higgs-portal scalar DM with a large U(1)X charge.
The Z ′ DM interpretation to the XENON1T excess with
mZ′ = O(1 keV) and gX = O(10−16) indicates the U(1)X
spontaneous symmetry breaking scale to be vX ≃ mZ′/gX =
O(1010GeV). This is very interesting in view of the fact
that this U(1)X symmetry breaking scale is same order as the
mass scale of right-handed neutrinos (RHNs) in the U(1)X
extended SM. As discussed in Ref. [16], successful baryogen-
esis via the standard thermal leptogenesis requires the lightest
RHN mass to beMN & 10
9 GeV. This constraint is satisfied
by the symmetry breaking scale derived from the parameter
set accounting for the XENON1T excess. Of course, success-
ful thermal leptogenesis requires the reheating temperature af-
ter inflationTRH > MN . In the following, we will also briefly
discuss a simple inflation scenario with the U(1)X Higgs field
as inflaton and show that the inflaton decay can reheat the uni-
verse to the desired temperature.
Let us now present more details of our model. It is based on
the minimal U(1)X extended SM [17], which is a generaliza-
tion of the minimalB−L (baryon number minus lepton num-
ber) model [18] in which the anomaly-free globalB−L sym-
metry of the SM is gauged, and three RHNs and a U(1)B−L
charged Higgs field are introduced. The model is free from
all the gauge and mixed gauge-gravitational anomalies in the
presence of the three RHNs. In the U(1)X generalization,
the U(1)X charge of a field is determined by a linear com-
bination of its SM hyper-charge and B − L charge: QX =
xH QY + QB−L, where xH is a real parameter. Since both
the SMU(1)Y and theU(1)B−L symmetries are anomaly free
in the minimal B − L model, the U(1)X gauge symmetry is
anomaly-free with the charge assignment as the linear combi-
nation. The particle content of the minimal U(1)X model is
summarized in Table I.
In the model we introduce the Higgs potential of the form:
V = λX
(
Φ†Φ− v
2
X
2
)2
+ λH
(
H†H − v
2
h
2
)2
+ λmix
(
Φ†Φ− v
2
X
2
)(
H†H − v
2
h
2
)
. (1)
The ground state of the system is determined by the vacuum
expectation values (VEVs) of 〈Φ〉 = vX/
√
2 and 〈H〉 =
(vh/
√
2, 0)T , where vh = 246 GeV is the SM Higgs VEV.
We assume λmix is small and the mixing between the U(1)X
Higgs and SM Higgs fields is negligible. As previously men-
tioned, vX ∼ 1010 GeV≫ vh, so that the Z ′ boson mass and
the U(1)X Higgs boson mass are given by
mZ′ = 2gXvX , mφ =
√
2λXvX , (2)
respectively. In addition to the Yukawa couplings in the SM
model, we have the new Yukawa couplings:
LY ⊃ −
3∑
i,j=1
Y ijD ℓ
i
LHN
j
R −
1
2
3∑
k=1
Y kMΦN
k C
R N
k
R, (3)
where YD and YM are Dirac and Majorana-type Yukawa
coupling matrices, respectively, and we have chosen flavor-
diagonal Majorana Yukawa couplings without loss of general-
ity. Associated with the electroweak and U(1)X gauge sym-
metry breaking, the Dirac and Majorana mass matrices are
generated as mD = YDvh/
√
2 and MN = YMvX/
√
2. As-
suming a hierarchy between the scales of the two mass matrix
elements, the light neutrino mass matrixMν ≃ mDM−1N mTD
is generated by the seesaw mechanism and the tiny neutrino
mass scale is naturally derived. For Y kM = O(1), the seesaw
scale is set by vX .
We now propose the light Z ′ DM scenario in the minimal
U(1)X extended SM by setting xH = −2. From Table I
we can see that with this choice the left-handed SM fermions
are neutral under the U(1)X symmetry. This means that if
mZ′ < 2me, whereme = 0.51MeV is the electron mass, the
Z ′ boson becomes a long-lived DM candidate since it cannot
decay into neutrinos (in the flavor basis). The right-handed
electron has the gauge coupling with the Z ′ DM:
Lint = gX (eRγµeR)Z ′µ. (4)
Note that this is essentially the same as the dark photon cou-
pling with the electron,
Lint = ǫ e (eγµe)A′µ, (5)
except that the left-handed electron has no Z ′ gauge interac-
tion. Therefore, we can interpret the best fit values for the
dark photon parameters to account for the XENON1T excess
[8] as
mZ′ = mA′ = 2.8 keV, 2g
2
X = ǫ
2e2. (6)
Here, since the left-handed electron is not involved in the Z ′
DM absorption process, we have added the factor 2 in the cou-
pling relation to yield the same absorption rate as the dark
2
photon case. Using the fine-structure constant αem =
e2
4pi
=
1
137
at low energies, the best fit value for the U(1)X gauge
coupling is found to be gX = 1.8× 10−16.
Similar to the dark photon, the Z ′ DM is not stable. The
main decay process of the dark photon is A′ → γγγ through
quantum corrections with electron loops. The partial decay
width is calculated in Ref. [19], which is interpreted in the Z ′
DM case as
ΓZ′→3γ ≃ 3.1× 10−30Gyr−1
(
m′Z
2.8 keV
)9 ( gX
10−16
)2
.(7)
In the Z ′ DM case, a new decay mode arises from its gauge
coupling with RHNs. In the flavor basis, the left-handed neu-
trinos have no U(1)X gauge interaction, but the light neutrino
mass eigenstates have couplingswithZ ′ DM through themass
mixings generated by the seesaw mechanism. The mixing is
roughly estimated to be mD/MN with mD and MN being
the typical mass scales of the Dirac and Majorana mass ma-
trix elements. The Z ′ DM coupling with a light neutrino mass
eigenstate is then expressed as
Lint ∼ gX
(
mD
MN
)2
(νγµγ5ν)Z
′
µ, (8)
where ν is the four-component spinor representation of the
light neutrino Majorana mass eigenstate. From the seesaw
formula, we expect (mD/MN )
2 ∼
√
∆m2
23
/MN , where
∆m2
23
≃ 2.4× 10−3 eV2 is the neutrino oscillation data [20].
We now evaluate the partial Z ′ → νν decay width as
ΓZ′→νν
ΓZ′→3γ
≃
(
m′Z
2.8 keV
)8(
4.6× 105 GeV
MN
)2
. (9)
ForMN . 4.6×105 GeV, the Z ′ DMmainly decays to a pair
of neutrinos. In any case, the Z ′ DM is sufficiently long-lived.
Next we evaluate the Z ′ DM density at present. Since its
coupling with the SM particles is too weak for the Z ′ DM to
be in thermal equilibrium in the early universe, we consider
the Z ′ DM production by the freeze-in mechanism through
fSM fSM → Z ′ γ, where fSM denotes a SM fermion. To
calculate the relic density of Z ′ DM, we solve the Boltzmann
equation
dYZ′
dx
≃ 〈σv〉
x2
s(mZ′)
H(mZ′)
Y eqZ′ Y
eq
γ . (10)
Here x ≡ mZ′/T , and the entropy density (s), the Hubble
parameter (H) and the equilibrium yields of Z ′ (Y eqZ′ ) and γ
(Y eqγ ) are given by
H(mZ′) =
√
π2
90
g∗
m2Z′
MP
, s(mZ′) =
2π2
45
g∗m
3
Z′ ,
Y eqZ′ ∼ Y eqγ ≃ 2
45
2π4
1
g∗
≃ 4.4× 10−3, for x . 1, (11)
where MP = 2.43 × 1018 GeV is the reduced Planck mass.
We have set the effective relativistic degrees of freedom g∗ ≃
106.75. The annihilation/creation cross section for the process
fSM fSM ↔ Z ′ γ is roughly given by
〈σv〉 ≃ g
2
XαEM
m2Z′
x2, for x . 1. (12)
Using this we can easily find the solution,
YZ′(x) ≃ 2.6× 10−4
(
MP
mZ′
)
g2Xαem(x− xRH), (13)
where xRH = mZ′/TRH ≪ 1, TRH is the reheating tem-
perature after inflation, and we have assumed Y (xRH) = 0.
The Z ′ production effectively stops at T ≃ me, since for
T < me the electron number density is suppressed by the
Boltzmann factor. Thus, we estimate the DM yield at present
by Y (∞) ≃ Y (xe = mZ′/me). The resultant yield is inde-
pendent of xRH ≪ mZ′/me. For the freeze-in mechanism,
this rough estimate is found to well-approximate the numer-
ical solution (see, for example, Ref. [21]). The Z ′ DM relic
density at present is given by
ΩZ′h
2 =
mZ′s0YZ′(∞)
ρc/h2
≃ mZ′s0YZ′ (xe)
ρc/h2
≃ 6.6× 10−14
( gX
10−16
)2 ( mZ′
2.8 keV
)
, (14)
where ρc/h
2 = 1.05×10−5 and s0 = 2890/cm3. This clearly
is an extremely tiny relic density. To achieve the observed
relic density ΩDMh
2 = 0.12, we may consider some non-
thermal Z ′ production mechanism. See, for example, Ref. [8]
and references therein.
In this letter we propose another possibility to alleviate
this relic density problem. We extend the minimal model
by introducing a SM singlet scalar field (ϕ) with a U(1)X
charge Qϕ. If Qϕ 6= ±2, this scalar is stable and hence an-
other DM candidate in our model, which can be identified
with the well-known Higgs-portal DM, in which the scalar
DM communicates with the SM sector through its unique
renormalizable coupling with the SM Higgs doublet, Lint =
λϕ(ϕ
†ϕ)(H†H). Although this scenario is very severely con-
strained by the direct and indirect DM detection experiments,
two typical mass regions, mϕ ≃ mH/2 ≃ 62.5 GeV and
mϕ & 2 TeV are compatible with Ωϕh
2 ≤ 0.12 (for a re-
cent review, see Ref. [22]). Since Qϕ is a model parameter,
we may choose |Qϕ| ≫ 1. In this case, the gauge interaction
between the Higgs-portal DM ϕ and the Z ′ DM is increased,
gϕ ≡ |Qϕ|gX ≫ gX ≃ 10−16, and the ϕ DM assists to
achieve ΩZ′h
2 = 0.12 in the freeze-out mechanism.
Through the Higgs-portal coupling, the ϕ DM is in thermal
equilibrium with the SM particles until it decouples at a typi-
cal decoupling temperature for a WIMP DM, Tdec ∼ mϕ/20.
In the early universe, the Z ′ DM particles are produced by
pair annihilation of the Higgs-portal DM particles through the
U(1)X gauge interaction, ϕ
†ϕ ↔ Z ′Z ′. We estimate the an-
nihilation/creation cross section to be
〈σv〉 ≃ g
4
ϕ
4π
x2
m2Z′
, for x .
mZ′
mϕ
, (15)
3
before the decoupling of ϕ DM from the SM thermal plasma.
To estimate the Z ′ DM density, we solve the Boltzmann equa-
tion with this cross section:
dYZ′
dx
≃ 〈σv〉
x2
s(mZ′)
H(mZ′)
(Y eqZ′ )
2
, (16)
which can be easily solved. Similar to the previous analysis,
the Z ′ DM production effectively stops at T ≃ mϕ since the
number density of ϕ is Boltzmann suppressed for T < mϕ.
We then estimate the present yield to be
YZ′(∞) ≃ YZ′ (xϕ) ≃ 2.1× 10−5
(
MP
mϕ
)
g4ϕ, (17)
where xϕ ≡ mZ′/mϕ, and the resultant relic density is
ΩZ′h
2 ≃ 6.4× 1014 g4ϕ
( mZ′
2.8 keV
)(62.5 GeV
mϕ
)
. (18)
For mϕ = mH/2 = 62.5 GeV and mZ′ = 2.8 keV, we find
gϕ = 1.2 × 10−4 to reproduce ΩZ′h2 = 0.12. Although this
gϕ value corresponds to a huge U(1)X charge |Qφ| ∼ 1012
for gX ∼ 10−16, there is no apparent problem with particle
physics phenomenology.
Since we have two DM candidates, Z ′ and ϕ, it is not nec-
essary for the Z ′ DM to account for the total ΩDMh
2 = 0.12.
We define Z ′ DM fraction to the total DM density as R =
ΩZ′h
2/0.12. Considering that the observed XENON1T sig-
nal events are proportional to g2XR, the best fit value of the
U(1)X gauge coupling scales with R:
gX =
1.8× 10−16√
R
. (19)
According to the stellar cooling constraints shown in Refs. [8,
9], we find a lower bound on the fraction, R & 0.01.
Our model can also account for the origin of the baryon
asymmetry of the universe via leptogenesis through the out-
of-equilibrium decay of the RHNs. The successful standard
thermal leptogenesis requires the lightest RHN mass MN &
109 GeV and the reheating temperature TRH & MN . The
best fit values for the XENON1T excess,mZ′ = 2.8 keV and
gX = 1.8× 10−16 lead to vX = 7.8× 109 GeV, and the RHN
mass bound is satisfied if we take YM & 0.1. The reheating
temperature depends on inflation models. In the following, we
briefly discuss how our U(1)X model provides a successful
inflation scenario with the U(1)X Higgs field as the inflaton.
The latter decays into the SM Higgs doublet which reheats the
universe to the desired temperature for leptogenesis.
We consider quartic inflation with non-minimal gravita-
tional coupling involving the U(1)X inflaton Higgs field. The
action in the Jordan frame relevant for the inflation scenario is
given by
SJ =
∫
dx
√
g
[
−1
2
(M2P + 2ξΦ
†Φ)R+ LΦ
]
, (20)
where LΦ denotes the kinetic term and the potential term
(Eq. (1)) for the U(1)X field Φ, and ξ is a non-minimal grav-
itational coupling. The inflation trajectory is parametrized
by the real component of the Higgs field, φ =
√
2Re[Φ].
A suitable choice of ξ leads to the inflationary predictions
consistent with the Planck 2018 results [15]. For example,
as a benchmark, if we set ξ = 10, which corresponds to
λX = 4.0 × 10−8, we obtain the predictions for the spectral
index ns = 0.968 and the tensor-to-scalar ratio r = 0.003, for
the e-folding numberNe = 60 (see Ref. [14]).
For the benchmark parameter set, we find the inflaton mass
mφ =
√
2λXvX = 2.2 × 106 GeV. The inflaton mainly de-
cays to a pair of SM Higgs doublets through the mixed quartic
interaction in Eq. (1). The inflaton decay width is given by
Γφ ≃ λ
2
mix v
2
X
8πmφ
, (21)
where we have neglected the Higgs boson mass. Employing
this inflaton decay width, we estimate the reheating tempera-
ture by
TR ≃
√
ΓφMP ≃ 1010GeV
(
λmix
1.1× 10−5
)
. (22)
Therefore, by setting, for example, λmix = 1.1 × 10−5 and
Y 1M = 0.1, we can satisfy the conditions for the successful
thermal leptogenesis.
In summary, we have considered a U(1)X extended SM
and proposed a light Z ′ DM by setting xH = −2. In this
case, the U(1)X gauge boson Z
′ becomes sufficiently long-
lived if it is lighter than the electron and thus a DM candidate
in our universe. This scenario can explain the recently re-
ported XENON1T excess in the electronic-recoil events with
a suitable choice of the model parameters, mZ′ = 2.8 keV
and gX = 1.8 × 10−16, compatible with the astrophysical
constraints. Since the U(1)X gauge coupling is too small to
reproduce the observed DM relic density, we have proposed
to extend the minimal U(1)X model to a two-component DM
scenario by introducing a Higgs-portal scalar DM, which is a
SM gauge singlet but has a U(1)X chargeQϕ. We have found
that if Qϕ is sufficiently large, the Z
′ DM density is compat-
ible with the observed DM density by the freeze-in mecha-
nism. An adequate amount of Z ′ DM particles are produced
through the pair annihilation of the Higgs-portal DM particles
in the thermal plasma. Our model can account not only for
the XENON1T excess with the Z ′ DM, it also accommodates
neutrino oscillation and implements successful inflation and
letptogenesis.
Acknowledgements: This work is supported in part by
the United States Department of Energy grant de-sc0012447
(N. Okada) and de-sc0013880 (D. Raut and Q. Shafi), and the
M. Hildred Blewett Fellowship of the American Physical So-
ciety, www.aps.org (S. Okada).
∗ okadan@ua.edu
† satomi.okada@ua.edu
‡ draut@udel.edu
4
§ qshafi@udel.edu
[1] E. Aprile et al. [XENON], Phys. Rev. Lett. 121, no.11, 111302
(2018) [arXiv:1805.12562 [astro-ph.CO]]; D. S. Akerib et al.
[LUX], Phys. Rev. Lett. 112, 091303 (2014)[arXiv:1310.8214
[astro-ph.CO]]; X. Cui et al. [PandaX-II], Phys. Rev. Lett. 119,
no.18, 181302 (2017) [arXiv:1708.06917 [astro-ph.CO]].
[2] E. Aprile et al. [XENON], [arXiv:2006.09721 [hep-ex]].
[3] L. Di Luzio, M. Fedele, M. Giannotti, F. Mescia and E. Nardi,
[arXiv:2006.12487 [hep-ph]]; W. DeRocco, P. W. Graham and
S. Rajendran, [arXiv:2006.15112 [hep-ph]].
[4] A. E. Robinson, [arXiv:2006.13278 [hep-ex]].
[5] B. Bhattacherjee and R. Sengupta, [arXiv:2006.16172 [hep-
ph]]; C. Dessert, J. W. Foster, Y. Kahn and B. R. Safdi,
[arXiv:2006.16220 [hep-ph]].
[6] F. Takahashi, M. Yamada and W. Yin, [arXiv:2006.10035 [hep-
ph]]; C. A. J. O’Hare, A. Caputo, A. J. Millar and E. Vitagliano,
[arXiv:2006.10415 [astro-ph.CO]]; C. Gao, J. Liu, L. T. Wang,
X. P. Wang, W. Xue and Y. M. Zhong, [arXiv:2006.14598 [hep-
ph]]; J. B. Dent, B. Dutta, J. L. Newstead and A. Thomp-
son, [arXiv:2006.15118 [hep-ph]]; P. Coloma, P. Huber and
J. M. Link, [arXiv:2006.15767 [hep-ph]]; J. Sun and X. G. He,
[arXiv:2006.16931 [hep-ph]].
[7] K. Kannike, M. Raidal, H. Veerma¨e, A. Strumia and D. Teresi,
[arXiv:2006.10735 [hep-ph]]; B. Fornal, P. Sandick, J. Shu,
M. Su and Y. Zhao, [arXiv:2006.11264 [hep-ph]]; K. Hari-
gaya, Y. Nakai and M. Suzuki, [arXiv:2006.11938 [hep-
ph]]; L. Su, W. Wang, L. Wu, J. M. Yang and B. Zhu,
[arXiv:2006.11837 [hep-ph]]; M. Du, J. Liang, Z. Liu,
V. Tran and Y. Xue, [arXiv:2006.11949 [hep-ph]]; N. F. Bell,
J. B. Dent, B. Dutta, S. Ghosh, J. Kumar and J. L. New-
stead, [arXiv:2006.12461 [hep-ph]]; G. Choi, M. Suzuki
and T. T. Yanagida, [arXiv:2006.12348 [hep-ph]]; G. Paz,
A. A. Petrov, M. Tammaro and J. Zupan, [arXiv:2006.12462
[hep-ph]]; H. M. Lee, [arXiv:2006.13183 [hep-ph]]; Q. H. Cao,
R. Ding and Q. F. Xiang, [arXiv:2006.12767 [hep-ph]];
R. Primulando, J. Julio and P. Uttayarat, [arXiv:2006.13161
[hep-ph]]; K. Nakayama and Y. Tang, [arXiv:2006.13159
[hep-ph]]; Y. Jho, J. C. Park, S. C. Park and P. Y. Tseng,
[arXiv:2006.13910 [hep-ph]]; J. Bramante and N. Song,
[arXiv:2006.14089 [hep-ph]]; M. Baryakhtar, A. Berlin,
H. Liu and N. Weiner, [arXiv:2006.13918 [hep-ph]]; L. Zu,
G. W. Yuan, L. Feng and Y. Z. Fan, [arXiv:2006.14577 [hep-
ph]]; R. Budnik, H. Kim, O. Matsedonskyi, G. Perez and
Y. Soreq, [arXiv:2006.14568 [hep-ph]]; K. Zioutas, G. Canta-
tore, M. Karuza, A. Kryemadhi, M. Maroudas and Y. K. Se-
mertzidis, [arXiv:2006.16907 [hep-ph]]; H. An and D. Yang,
[arXiv:2006.15672 [hep-ph]]; L. Delle Rose, G. Ht¨si, C. Marzo
and L. Marzola, [arXiv:2006.16078 [hep-ph]]; W. Chao,
Y. Gao and M. j. Jin, [arXiv:2006.16145 [hep-ph]]; P. Ko
and Y. Tang, [arXiv:2006.15822 [hep-ph]]; G. Cacciapaglia,
C. Cai, M. T. Frandsen, M. Rosenlyst and H. H. Zhang,
[arXiv:2006.16267 [hep-ph]]; A. Hryczuk and K. Jodlowski,
[arXiv:2006.16139 [hep-ph]]; H. Alhazmi, D. Kim, K. Kong,
G. Mohlabeng, J. C. Park and S. Shin, [arXiv:2006.16252 [hep-
ph]]; S. Baek, J. Kim and P. Ko, [arXiv:2006.16876 [hep-ph]].
[8] G. Alonso-A´lvarez, F. Ertas, J. Jaeckel, F. Kahlhoefer and
L. J. Thormaehlen, [arXiv:2006.11243 [hep-ph]];
[9] H. An, M. Pospelov, J. Pradler and A. Ritz, [arXiv:2006.13929
[hep-ph]].
[10] D. W. P. Amaral, do., D. G. Cerdeno, P. Foldenauer and
E. Reid, [arXiv:2006.11225 [hep-ph]]; C. Boehm, D. G. Cer-
deno, M. Fairbairn, P. A. N. Machado and A. C. Vincent,
[arXiv:2006.11250 [hep-ph]]; A. Bally, S. Jana and A. Traut-
ner, [arXiv:2006.11919 [hep-ph]]; Y. Chen, J. Shu, X. Xue,
G. Yuan and Q. Yuan, [arXiv:2006.12447 [hep-ph]]; U. K. Dey,
T. N. Maity and T. S. Ray, [arXiv:2006.12529 [hep-ph]];
D. Aristizabal Sierra, V. De Romeri, L. J. Flores and D. K. Pa-
poulias, [arXiv:2006.12457 [hep-ph]]; J. Buch, M. A. Buen-
Abad, J. Fan and J. S. C. Leung, [arXiv:2006.12488 [hep-
ph]]; A. N. Khan, [arXiv:2006.12887 [hep-ph]]; G. B. Gelmini,
V. Takhistov and E. Vitagliano, [arXiv:2006.13909 [hep-
ph]]; M. Lindner, Y. Mambrini, T. B. de Melo and
F. S. Queiroz, [arXiv:2006.14590 [hep-ph]]; M. Chala and
A. Titov, [arXiv:2006.14596 [hep-ph]]; I. M. Bloch, A. Ca-
puto, R. Essig, D. Redigolo, M. Sholapurkar and T. Volan-
sky, [arXiv:2006.14521 [hep-ph]]; D. McKeen, M. Pospelov
and N. Raj, [arXiv:2006.15140 [hep-ph]]; S. F. Ge, P. Pasquini
and J. Sheng, [arXiv:2006.16069 [hep-ph]]; Y. Gao and T. Li,
[arXiv:2006.16192 [hep-ph]].
[11] P. Minkowski, Phys. Lett. 67B, 421 (1977); T. Yanagida, in
Proceedings of the Workshop on the Unified Theory and the
Baryon Number in the Universe (O. Sawada and A. Sugamoto,
eds.), KEK, Tsukuba, Japan, 1979, p. 95; M. Gell-Mann, P. Ra-
mond, and R. Slansky, Supergravity (P. van Nieuwenhuizen
et al. eds.), North Holland, Amsterdam, 1979, p. 315; S. L.
Glashow, The future of elementary particle physics, in Pro-
ceedings of the 1979 Carge`se Summer Institute on Quarks and
Leptons (M. Le´vy et al. eds.), Plenum Press, New York, 1980,
p. 687; R. N. Mohapatra and G. Senjanovic´, Phys. Rev. Lett.
44, 912 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D
22, 2227 (1980).
[12] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986); For
a review, see S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466,
105 (2008) [arXiv:0802.2962 [hep-ph]].
[13] N. Okada, M. U. Rehman and Q. Shafi, Phys. Rev. D
82, 043502 (2010) [arXiv:1005.5161 [hep-ph]]; N. Okada,
V. N. S¸enog˘uz and Q. Shafi, Turk. J. Phys. 40, no.2, 150-162
(2016) [arXiv:1403.6403 [hep-ph]].
[14] N. Okada, M. U. Rehman and Q. Shafi, Phys. Lett. B 701, 520
(2011) [arXiv:1102.4747 [hep-ph]]; N. Okada and D. Raut, Eur.
Phys. J. C 77, no. 4, 247 (2017) [arXiv:1509.04439 [hep-ph]];
S. Oda, N. Okada, D. Raut and D. s. Takahashi, Phys. Rev. D 97,
no. 5, 055001 (2018) [arXiv:1711.09850 [hep-ph]]. N. Okada
and D. Raut, [arXiv:1910.09663 [hep-ph]].
[15] N. Aghanim et al. [Planck Collaboration], arXiv:1807.06209
[astro-ph.CO].
[16] W. Buchmuller, P. Di Bari and M. Plumacher, Nucl.
Phys. B 643, 367 (2002) Erratum: [Nucl. Phys. B
793, 362 (2008)] [hep-ph/0205349]; W. Buchmuller, P. Di
Bari and M. Plumacher, Annals Phys. 315, 305 (2005)
[hep-ph/0401240].
[17] T. Appelquist, B. A. Dobrescu and A. R. Hopper, “Nonex-
otic neutral gauge bosons,” Phys. Rev. D 68, 035012 (2003)
[hep-ph/0212073].
[18] J. C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973); A. David-
son, Phys. Rev. D 20, 776 (1979); R. N. Mohapatra and
R. E. Marshak, Phys. Rev. Lett. 44, 1316 (1980) Erratum:
[Phys. Rev. Lett. 44, 1643 (1980)]; Phys. Lett. 91B, 222 (1980);
C. Wetterich, Nucl. Phys. B 187, 343 (1981); A. Masiero,
J. F. Nieves and T. Yanagida, Phys. Lett. 116B, 11 (1982);
R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 27, 254
(1983); W. Buchmuller, C. Greub and P. Minkowski, Phys. Lett.
B 267, 395 (1991).
[19] J. Redondo and M. Postma, JCAP 02, 005 (2009)
[arXiv:0811.0326 [hep-ph]].
[20] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98,
no.3, 030001 (2018).
[21] N. Okada, S. Okada and Q. Shafi, [arXiv:2003.02667 [hep-ph]].
5
[22] G. Arcadi, A. Djouadi and M. Raidal, Phys. Rept. 842, 1-180 (2020) [arXiv:1903.03616 [hep-ph]].
6
